Abstract-E-textiles are a promising platform for wearable technologies; but it faces the ubiquitous challenge of supplying power. One approach is to harvest ambient solar energy. Here, we present a fully solution processed organic solar cell (OSC) fabricated directly on to the surface of a standard polyester cotton fabric. A flexible screen printed interface layer is used to selectively smooth the fabric surface on to which all subsequent layers were deposited. The active layers making up the OSC were deposited entirely by solution processing using either spray coating or doctor blading in a nitrogen environment. Process temperatures are limited to 150°C to protect the fabric. Spray coating is found to be a repeatable and reliable way to deposit thin functional films onto the fabric and we have obtained a maximum efficiency of 1.23% demonstrating the feasibility of this approach for fabricating OSCs on any standard textile.
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I. INTRODUCTION

E
LECTRONIC textiles (e-textiles or smart fabrics) offer a convenient platform for wearable applications. Example applications include functional electrical stimulation for stroke rehabilitation, antennas for off-body communications and inertial sensing for activity recognition [1] - [3] . However, a key restriction on e-textile applications is their dependency upon battery power given their finite lifetime and the need for removal during washing. The size, weight, and rigid nature of conventional batteries are incompatible with the flexible, conformable nature of textiles. There is great interest in powering e-textile systems by converting ambient energy, such as kinetic, thermal, or light, into electrical energy [4] - [7] .
Textile photovoltaics can be realized by attaching flexible plastic cells directly onto the textile, but these plastic substrates do not have the same mechanical properties as textiles [8] feel of a textile can be preserved by either weaving or knitting in photovoltaic yarns into the textile. Photovoltaic yarn-based solutions can deliver high efficiencies of up to 4% for a dye sensitized solar cell variant [9] , [10] . However, these fibers must withstand the abrasive nature of the weaving/knitting approach and the associated physical stresses. Achieving low-resistance electrical connection along the length of the yarn is also challenging and the structure of the fabric will invariably shade the fibers partially and reduce efficiency. This paper concerns research into the functionalization of the surface of any standard textile turning it into a solar cell. Textiles are difficult substrates to work with and impose numerous strict constraints on the materials and processes that can be used. The resulting solar cells must have a minimal effect on the properties and feel (sheer, drape, and compliance) of the textile. Results are reported from an investigation into the fabrication of thin film organic solar cells (OSC) directly on the surface of a standard fabric. This is not straightforward because fabrics are highly flexible and compliant substrates with different mechanical characteristics depending upon the mechanical properties of the yarn and the weave/knitting pattern. The surface of a fabric is porous and very rough compared with a smooth, flat surface of a typical plastic substrate. The textile surface is pilous with fine fibers protruding from the surface of the yarns. Fabrics also limit the maximum process temperature that can be used in the photovoltaic device fabrication. These constraints mean it is not possible to simply take existing solar cell materials and processes and apply them directly on to the surface of the textile. For example, Bedeloglu et al. demonstrated OSCs fabricated using a combination of evaporation, and dip coating on non-transparent flexible polypropylene (PP) textile tapes [5] . This work achieved 0.2% efficiency, but the PP textile is not suitable for wearable applications. A U.K. company, Power Textile Limited, is pursuing amorphous silicon deposited by plasma enhanced chemical vapor deposition at under 200°C [8] . This is deposited directly onto a calendered (flattened) polyester fabric, but pilosity remains a challenge, and efficiency results are not stated.
The organic functional layers in OSCs have the advantage of being able to be deposited using solution-based processes, such as spin coating, spray coating, precision die coating, inkjet printing, and dip coating. These processes are all inherently compatible with textile manufacturing methods. The use of silver nanowire (AgNW) solutions to form flexible electrodes give a suitable low work function and avoid the vacuum-based thermal evaporation techniques previously used [11] - [13] [17] . A previous version of fabric solar cells presented by the authors used AgNW top and bottom electrodes. This was found to be problematic because of the large percentage of fabricated OSCs short circuiting [18] . This was caused by protruding nanowires that led to short circuits and, in order to avoid this, thicker active layers were used, which resulted in poor photovoltaic (PV) performance. A functioning cell was demonstrated, but the efficiency was very low at 0.02%. This work presents an entirely solution processed functional organic photovoltaic textile that is fabricated at low temperature (<150°C) on a standard polyester/cotton fabric. Polyester cotton is used throughout the textile industry for work wear and fashion applications, and provides improved comfort for the wearer compared with 100% polyester fabrics. Spray coating has been used predominantly and provides a repeatable and reliable process capable of depositing thin films onto the textile. Areas of the fabric, where no films are required, can be easily masked. Devices have demonstrated a PCE of 1.23%, which is the highest performing solution processed OSCs on fabrics reported to date. This approach is suitable for the low-cost integration of PV onto the vast majority of standard textiles used in clothing, home furnishing, architecture, agriculture, and other application sectors.
II. EXPERIMENTAL SECTION
An iterative approach was used to develop the materials and processs parameters to realize the solution processed OSC on fabric. Initially, OSCs were fabricated on The fluorine tin oxide (FTO)-coated glass substrate. This was denoted by type 1 and served as a benchmark device against which the other types can be compared. The next iteration (type 2) comprised the OSCs on bare glass, i.e., no electrode is present on the glass. This iteration requires the development of a solution-based bottom electrode that can be also be used in the fabric OSC while the glass provides the typical benefits of a smooth and rigid substrate. OSC types 3 and 4 are the OSCs on the interface-coated fabrics using the standard and waterproof interface layers, respectively. All the device types were processed under identical conditions.
The fabrication process and structure of the fabric OSC is shown in Fig. 1(a)-(d) . The textile is planarized by an interface layer [see Fig. 1(b) ] and a combination of spray coating [see Fig. 1(c) ] and doctor blading was used to realize the final thin film OSC structure shown in Fig. 1(d) . An example type 4 device is shown in Fig. 1 (e) and (f), which illustrates the size and flexibility of the cells.
A 65/35 polyester cotton fabric is chosen as the target textile substrate. The textile is manufactured by Klopman International. It has a 2 × 1 twill weave pattern and a finished weight of 205 g/m 2 . The thermal stability of the polyester cotton fabric has been characterized and is summarized in Table I . The effects of temperature depend upon the duration of exposure and the temperature itself and while fabrics may appear to be unaffected, outgassing from fibers can affect material properties and shrinkage can occur in the warp direction. This investigation defined the acceptable time and temperature profile the textile can withstand when processing the photovoltaic device. The maximum processing temperature was limited to 150°C for a maximum duration of 30 min. This profile provides a suitable compromise between the properties of the fabric and the performance of the deposited films. Fig. 2(a) and (b) shows a scanning electron microscope (SEM) micrograph of the woven structure in cross-sectional and plan views, and illustrates the extent of the roughness and pilosity of the fabric. The fabric datasheet reports an average surface roughness (Ra) of 143.3 μm highlighting the challenge of depositing continuous functioning thin films on such a surface. A further challenge is the porosity of the fabric surface, which means solvent-based functional solutions will be absorbed into the woven yarns rather than form continuous films on the surface. The approach adopted here is to pre-coat specific sections of the fabric with a screen-printed flexible polymer interface layer. The interface layer overcomes the surface roughness of the fabric, presenting a smooth layer for subsequent functional layers. The interface does impact on the flexibility of the fabric [19] , but it remains flexible and the impact is further reduced by only printing where required.
The screen printable polyurethane-based standard interface 1 (UV-IF-1004, Fabinks) and waterproof interface 2 (UV-IF-1039, Fabinks) pastes used to smooth the fabric top surface were supplied by Smart Fabric Inks Ltd [20] . The interface layer was screen printed using a DEK 248 semi-automatic printer with a patterned polyester screen (120 mesh threads per cm, thread diameter 34 μm, emulsion thickness 40 μm), a squeegee pressure of 6 kg and print gap of 0.8-1 mm. The interface film was UV cured at 1500 mJ/cm 2 . After the interface layer was cured, all subsequent deposition and curing processes were performed in a nitrogen filled glovebox to minimize humidity and oxygen levels. Fig. 2(c) and (d) shows the SEM images of the cross-sectional and plan view of a six layer 250-μm thick interface layer printed on the fabric. The advantage of the screen printing process is that the interface layer can be selectively printed only where required and therefore this minimizes the impact on the properties and feel of the fabric. The interface paste is UV curable and avoids thermal curing and the associated release of potentially harmful volatile organic compounds. The interface layer has a surface free energy of 35 mN/m, which is sufficient to promote wettability of the majority of solvent-based inkjet printable electronic inks, which have a surface tension of around 30 mN/m. The ink's wettability, representing the physical interaction between ink and substrate, defines the level of the pattern definition before the curing stage. The interface layer has good thermal resistance and can withstand 150°C for 30 min in a conventional thermal oven, which is required for the processing of the subsequent printed inks. The interface also has good chemical resistance and shows no obvious damage when exposed to widely used organic solvents, such as ethanol, isopropanol, and 1-hexanol. However, the standard interface (UV-IF-1004) ink used initially was found to absorb solvent from the functional inks. This caused the interface layer to swell and the fabric to bend, which affected the processing of following layers. This interface material is hydrophilic as well as has some micropores in the film because of the presence of air bubbles during printing. Combining these properties with the high solvent content of the inks means it is prone to swelling. Therefore, the interface was changed to a UV-IF-1039 waterproof formulation. This material contains a more hydrophobic oligomer and therefore reduces the swelling [21] . However, this hydrophobicity reduces the wetting of subsequently printed layers and therefore still requires a thin layer of UV-IF-1004 to be printed on top. UV-IF-1039 was printed first on to the fabric to reduce the surface roughness and then a final thin (<5 μm) layer of UV-IF-1004 was printed on top, thus minimizing the volume of hydrophilic ink printed. This improved structure reduced any swelling significantly and the fabric then remained flat during all subsequent processes.
Initially, a spray-coated silver nanowire (AgNW) suspension was used to fabricate the top and bottom electrodes, but this was found to cause short circuits in the OSC because of nanowires protruding vertically from the bottom electrode. The protruding nanowires passed through the subsequent deposited functional layers making contact with the top electrode. Attempts to flatten the bottom electrode by compressing the film against a glass slide at 150°C improved yield, but failure rates were still unacceptably high. Therefore, the bottom electrode was fabricated using a spray-coated silver (Ag) nanoparticle suspension (TEC-CO-011, InkTec) and this formed flat planar electrodes 200 nm thick and avoided short circuits. The Ag bottom electrode was deposited by pneumatic spray coating at a distance of 15 cm using a nitrogen carrier gas at 2.8 bar. The bottom electrode was baked at 130°C for 5 min in a box oven.
Previously reported attempts to use zinc oxide nanoparticle (ZnO-NP) suspension to form an electron transporting layer were problematic [18] . The rough and porous surface of the dried ZnO-NP film resulted in uneven active layer thickness and device failure. Therefore, in this work, we investigated an alternative with high PV performance ZnO-NP suspension (average particle size ∼12 nm, Nanograde Ltd) but this was found to poorly wet the surface of the bottom electrode. This was because of an increase in the surface tension of the ZnO-NP particles in mist form during spray coating, because of the temperature drop associated with decompression. Therefore doctor blading was used to deposit the new ZnO-NP suspension and this was able to produce a solid, uniform ZnO layer on top of bottom electrode with a clear boundary between the ZnO and active layer. Then the layer was dried on a hotplate in the glovebox at 100°C for 10 min to obtain a solidified uniform layer.
The P3HT: ICBA (PV2000, Plextronics) was spray coated on top of the ZnO-NP layer with the increased spraying distance of 20 cm, which is the same for the subsequent functional layers. Then it was annealed on a hotplate inside the glovebox at 135°C for 30 min. The PEDOT:PSS hole transport layer (Clevios PH1000, Heraeus) was spray coated and dried at 120°C on the hotplate for 10 min. Finally, the AgNW dispersion (NTC-32, Nanopyxis) was spray coated and dried at 120°C for 10 min on the hotplate. During processing, the fabric substrates were attached to an alumina tile that supported the fabric keeping it flat. The fabric can be peeled off the alumina after heating the tile to 50°C. OSC devices were also fabricated on glass substrates using the same parameters to provide a benchmark for the fabric OSC. The FTO coated glass substrates were supplied by Solaronix, which was used as the bottom electrode in the solar cells on glass substrate.
III. RESULTS AND DISCUSSION
The current density versus voltage (J/V) curves of photovoltaic devices were obtained using a Keithley 2400 source meter unit. The interface layer surface free energy was measured with a Kruss DSA30B tensiometer. The photocurrent was measured under AM 1.5 (100 mW/cm 2 ) irradiation using an ABET solar simulator, calibrated with a standard Silicon solar cell. The effective area of each cell is 3 mm 2 . The efficiency of the solar cells was calculated by
where P in is the power of the incident light. The surface morphology of the AgNW was examined by field emission scanning electron microscopy (FESEM) analysis using a JEOL JSM 7500 F instrument. The cross section of the fabric solar cells was examined using a Zeiss EVO MA25 SEM. Transmittance measurements were performed using a Bentham Instruments Ltd PVE300 instrument. Fig. 3(a) shows the J/V curves of the types 1, 2, 3, and 4 OSCs and their electrical characteristics are summarized in Table II a fill factor (FF) of 0.34. Compared with this reference device, the type 2 OSC showed a decrease in efficiency to a value of 1.7% with V OC of 0.46, FF of 0.28, and J SC of 12.9 mA/cm 2 . Since all other layers are identical, this reduction is because of the difference in the conductivity of the electrode materials [22] . The type 3 device gave a maximum PCE of 0.69% with an FF of 0.29, V OC of 0.44 V, and J SC of 5.24 mA/cm 2 . The reduction in efficiency was attributed to the deformation of the textile because of the interface layer swelling during processing. This deformation caused the fabric to separate from the supporting alumina tile which then affects the temperature gradient across the device during curing on a hot plate. The actual annealing temperature on the functional layer is difficult to control and may not be sufficient to fully crystallize the film. This hypothesis is supported by the results from the type 4 device, which obtained a PCE value of 1.23%, an open-circuit voltage was also increased to 0.54 V with FF of 0.37 and 6.05 mA/cm 2 . As shown in Fig. 3(a) , the J/V curve of device type 4 shows a higher rectification compared with device type 3, which suggests the better interconnection and crystallization of all functional layers and thereby delivered onefold increase in the efficiency value. This is the highest reported PCE in the literature for spray-coated OSC on fabric. Fig. 3(b) shows an SEM image of the functional layers of the type 4 OSC. The 200-nm thick silver bottom electrode formed from three spray deposits was found to be sufficient to avoid pinholes despite any unevenness in the interface layer. The average sheet resistance of the silver film was 40-50 Ω/sq. The doctor bladed ZnO electron transporting film was 400-nm thick. The blended P3HT: ICBA active layer has a thickness of 200 nm from one spray deposit, which is the ideal thickness for high-efficiency OSCs [23] . The hole transporting PEDOT:PSS layer (thickness of around 50 nm) acts as a conducting interface layer and has a high enough surface energy to enable the AgNW film to be deposited. Finally, the 100-nm thick AgNW top electrodes were formed from one spray deposition on top of the PEDOT: PSS layer. The transmittance spectra of the PEDOT:PSS/AgNW and AgNW alone on glass substrates are displayed in Fig. 4 alongside a standard FTO electrode for reference. It can be seen that the spray-coated AgNW electrode shows high transmittance (∼78%) in the visible region of 450-850 nm. However, the combined PEDOT: PSS/AgNW electrode showed a lower transmittance than the AgNW and FTO film, because of the additional semi-transparent PEDOT: PSS layer. Fig. 4 (left insert) presents an FESEM image of the spray-coated AgNW electrode viewed from above. The nature of the randomly dispersed AgNW forms overlapping wires each a few tens of micrometers in length and a few tens of nanometers in diameter. Fig. 4 (right insert) shows the experimental set up of the transmittance measurement in the characterization lab.
The application of the OSCs on textiles is suitable for use in many applications, such as wearable e-textiles for powering on-body sensors and communications. Therefore, the durability of the devices is an important consideration. An initial automated bending test was carried out on the textile solar cells using different bending radii. The preliminary results show that the performance of the fabric solar cells has lost their photonic functionalities after ten cycles around a 2.5-cm radius. The main cause of failure was because of the bending strain at the surface of the functional layers and at the interface with the silver epoxy used to attach the wires for testing. Therefore, to reduce the physical damage, the cells can be encapsulated with an additional polymer passivation layer. Initially, the spray-coated solar cells on glass substrates were encapsulated using Optitec OPT7020 clear silicone rubber resin encapsulant, in order to determine if they can successfully seal the cells and reduce the bending strain in the active layers by moving them closer to the neutral axis where the bending atrain is zero. The encapsulation layer was found to reduce the effects of the bending strain [24] as well as provide protection against oxidation in the ambient atmosphere. The type 2 cell achieved a PCE of 1.7% straight after the fabrication but un-encapsulated cells would cease functioning within 48 h. The encapsulated cells showed no reduction in PCE after the 14 d exposure to air. This initial evaluation of the encapsulation has demonstrated the potential for improving the durability of the cells, but further work is required to optimize the encapsulation thickness in order to locate the active layers of the solar cell closer to the neutral axis. In addition, improvements to the interface layer materials to identify a polyurethane with reduced hydrophillic properties while also maintaining printability will provide further improvements to the printed OSC devices.
IV. CONCLUSION
In conclusion, this paper has demonstrated a practical and straightforward deposition method to fabricate a fully solution processed OSC directly on standard woven polyester cotton fabrics. The 1.23% PCE represents the state-of-the-art for this form of solar cell on textile and is sufficient to harvest incident light for powering wearable e-textile electronics, e.g., sensors. In most such applications, a few tens of cm 2 area is available and the V OC of ∼0.5 V can be increased by connecting adjacent cells electrically in series. With the exception of the initial screen printed interface layer and the doctor blading of the ZnO-NP, all other layers in this work have been deposited using a fast and scalable spray coating process, which has proven very capable of depositing patterned thin films for functionalizing the surface of a standard textiles. The use of the interface layer was found to smooth the surface of the textile sufficiently to enable the reliable deposition of thin functional films on the textile substrate. Together, these steps can be combined to realize OSCs on any standard textile that can withstand processing temperatures of up to 150°C. The fabrication processes are fully scalable and can be readily adapted into a standard textile manufacturing process line to the realized large area functionalized deposition of solar cells.
